The mechanism of decomposition of peroxynitrite (OONO ؊ ) in aqueous sodium phosphate buffer solution at neutral pH was investigated. The OONO ؊ was synthesized by directly reacting nitric oxide with superoxide anion at pH 13. The hypothesis was explored that OONO ؊ , after protonation at pH 7.0 to HOONO, decomposes into 1 O2 and HNO according to a spin-conserved unimolecular mechanism. Small aliquots of the concentrated alkaline OONO ؊ solution were added to a buffer solution (final pH 7.0 -7.2), and the formation of 1 O2 and NO ؊ in high yields was observed. The 1 O2 generated was trapped as the transannular peroxide (DPAO2) of 9,10-diphenylanthracene (DPA) dissolved in carbon tetrachloride. The nitroxyl anion (NO ؊ ) formed from HNO (pKa 4.5) was trapped as nitrosylhemoglobin (HbNO) in an aqueous methemoglobin (MetHb) solution. In the presence of 25 mM sodium bicarbonate, which is known to accelerate the rate of decomposition of OONO ؊ , the amount of singlet oxygen trapped was reduced by a factor of Ϸ2 whereas the yield of trapping of NO ؊ by methemoglobin remained unaffected. Because NO3 ؊ is known to be the ultimate decomposition product of OONO ؊ , these results suggest that the nitrate anion is not formed by a direct isomerization of OONO ؊ , but by an indirect route originating from NO ؊ .
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nitrosylhemoglobin ͉ diphenylanthracene endoperoxide P eroxynitrite is a potent oxidant formed by the near diffusioncontrolled reaction of nitric oxide (NO ⅐ ) and superoxide ion (O 2 Ϫ ) (1). Both nitric oxide and superoxide are produced by activated macrophages (2, 3) , neutrophils (4) , and endothelial cells (5, 6) . There is evidence that peroxynitrite is formed in significant concentrations in vivo (7) (8) (9) and may contribute to an increased risk for cancer (10) , artherosclerosis (11) , stroke (12) , and other diseases (13) . Peroxynitrite is a stable anion in alkaline solution (pKa of 6.8); however, once protonated, it decomposes rapidly with a half-life of less than 1 s at physiological pH at 37°C (14) , generating reactive species that readily react with biomolecules such as lipids (15) , amino acids (16) , and DNA (17) . Central to the question of the biochemistry of peroxynitrite is the mechanism of decomposition and the identity of the reactive species, a subject of intense research and controversy (18) (19) (20) (21) . Speculations about the decomposition mechanisms are largely based on kinetic and thermodynamic considerations (22) . It has been shown that bicarbonate ion enhances the rate of disappearance of peroxynitrite, leading to the proposal of a nitrosoperoxycarbonate anion adduct, with a distinctly different chemistry from that of OONO Ϫ (19) . We reported previously that the mere acidification of an aqueous peroxynitrite solution resulted in chemiluminescence at 1,270 nm characteristic of the deactivation of singlet oxygen (23) . By comparing the intensity of this emission to that of 1 O 2 generated by the reaction of hydrogen peroxide (H 2 O 2 ) with hypochlorite anion (OCl Ϫ ), which is known to be stoichiometric (24) , it was concluded that the yield of 1 O 2 from peroxynitrite was nearly stoichiometric. These results suggested a spinconserved process leading to the generation of 1 O 2 from peroxynitrite. However, the highly exothermic neutralization reaction of the acidic with the basic reactant and the local non-equilibrium conditions made extrapolating this interpretation to biological conditions at pH 7 uncertain. We decided to examine the nature of the reactive species generated in the decomposition of peroxynitrite under more controlled and physiologically relevant conditions.
In this communication we report an important reaction pathway for the decomposition of peroxynitrite that yields two transient species, nitroxyl anion (NO Ϫ ) and singlet molecular oxygen. By using well established analytical procedures, an aqueous alkaline solution (pH Ϸ13) of peroxynitrite was allowed to react in separate but parallel experiments with two chemical traps, one specific for singlet oxygen and one specific for the nitroxyl anion, NO Ϫ . Singlet oxygen was trapped as the transannular peroxide (DPAO 2 ) of 9,10-diphenylanthracene (DPA) (25) (26) (27) , and the nitroxyl anion was trapped as nitrosylhemoglobin (HbNO) in aqueous solutions of methemoglobin (MetHb) (28), both with very high yields. The effects of bicarbonate ions on the yields of NO 
Methods
Chemicals. Bovine MetHb (Sigma) was crystallized, dialyzed, and lyophilized. DPA (97%), perylene (99%), 2,3-dimethyl-2-butene [tetramethylethylene (TME)] (98%), acetone (spectral grade), potassium superoxide (KO 2 ), and potassium hydroxide (KOH) were obtained from Aldrich. Angeli's salt (Na 2 N 2 O 3 ) was obtained from Cayman Chemicals (Ann Arbor, MI). Hydrogen peroxide (H 2 O 2 ) (30% aqueous solution) (Certified ACS), sodium hypochlorite (NaOCl) (4-6% available chlorine, purified grade), and acetone were from Fisher. Carbon tetrachloride (Reagent ACS) was obtained from Spectrum Chemical (Gardnia, CA), and nitric oxide (NO) gas was from Matheson Gas (East Rutherford, NJ).
Peroxynitrite. Peroxynitrite was generated as described (23) by bubbling NO gas into a deoxygenated 1 M KOH solution at 0°C, and then adding KO 2 powder (Ϸ5 mg), in small amounts, until a bright yellow solution was obtained. The pH of the solution was Ϸ13, and the concentration of peroxynitrite was in the range of 70-110 mM based on the absorbance at 302 nm ( ϭ 1,670 Experimental procedures were as follows: First, aliquots were taken from an individual sample of the 2 ml of buffered 80 M MetHb solution (with or without sodium bicarbonate), absorption spectra were taken with either a 1-mm path length cuvette for the 400-nm Soret region or 1-cm for the visible region. Next, the solutions were transferred back to the centrifuge tube. To this MetHb solution was then added one aliquot (from 1 to 10 l) of either peroxynitrite or KNO 2 solution, or KOH solution, immediately before the absorption spectrum was recorded. The absorption spectrum of the MetHb͞Na 2 N 2 O 3 solution was recorded 10 min after addition, resulting in the HbNO reference spectrum (without bicarbonate). Absorption measurements were made by using a Hewlett Packard 8453 UV-VIS diode array spectrophotometer. After the absorption measurements, the pH of each of the solutions was measured with a pH meter (Horizon Ecology, Chicago).
Trapping of 1 O2. In a typical biphasic experiment, 0.50 ml CCl 4 solutions containing either 80 mM DPA and 0.8 mM perylene (solution A), or 80 mM DPA, 0.8 mM perylene, and 80 mM TME (solution B), were pipetted into 15-ml propylene centrifuge tubes; 100-l aliquots of 75 mM OONO Ϫ solution (pH 13) were then pipetted on top of the CCl 4 layer, and the two layers were mixed thoroughly by vortexing. While continuing the vortexing, a total of 5 ml of 20 mM phosphate buffer (pH 7) (with or without bicarbonate) were added drop-wise to this emulsified CCl 4 solution to initiate the decomposition of peroxynitrite. After separation of the layers, the aqueous layer was discarded, and the procedure was repeated, using 100-l aliquots of the OONO Ϫ solution, until the 2-ml aliquot of the peroxynitrite solution was used up. The CCl 4 layer was then washed twice with 10 ml of distilled water. The CCl 4 solution was then evaporated to dryness under vacuum. The residue was dissolved in 2 ml of acetone, and 50-l aliquots were analyzed by HPLC techniques. The HPLC system consisted of a Waters Model 510 solvent delivery system with an SPD-10A UV-Vis detector (Shimadzu) employing a 250-ϫ 10-mm C18 Hypersil 5 column (Phenomenex, Belmont, CA), and a linear gradient 30-100% (60 min) of acetonitrile in water (flow rate 2 ml͞min, UV detection of products at 210 nm).
Estimation of Singlet Oxygen Yields from Peroxynitrite Decomposi-
tion. The amount of 1 O 2 generated from the decomposition of OONO Ϫ was estimated by comparing the yield of formation of the endoperoxide DPAO 2 (25) to the yield of DPAO 2 resulting from 1 O 2 generated by the extensively studied reaction of H 2 O 2 with NaOCl under comparable conditions. Both H 2 O 2 (30%, 12.5 M) and NaOCl (Ϸ0.7 mM) were diluted with 1 M KOH solution to Ϸ75 mM (which is equivalent to the peroxynitrite concentration of 75 mM used in parallel experiments). A total of 2 ml of 75 mM H 2 O 2 was reacted with a total of 2 ml of 75 mM NaOCl in the presence of 0.5 ml CCl 4 solutions A or B. As in the case of the peroxynitrite experiments above, the reactions were carried out stepwise in small batches of 200 l of 75 mM H 2 O 2 and 0.5 ml CCl 4 solution, as described above for the OONO Ϫ decomposition reactions. , and is known to efficiently convert MetHb to HbNO as the sole heme product (28) .
Results

Trapping of NO
The MetHb absorption spectra generally depend on the pH of the solution. Therefore, our experiments were performed in a limited pH range of 7.0 to 7.2 (28) . In this pH range, the effect of pH on the absorption spectra, particularly in the wavelength region of interest from 535 to 635 nm, is small (Fig. 1 , trace a, pH 7.0; trace b, pH 7.2).
In the synthesis of peroxynitrite, nitrate (NO 3 Ϫ ) and nitrite (NO 2 Ϫ ) anions are also produced. Of these, NO 3 Ϫ does not interfere in the nitroxyl trapping by MetHb (results not shown); NO 2 Ϫ , on the other hand, is known to bind to MetHb (32) and could, potentially, interfere in these experiments. However, the absorption spectrum of MetHb in the presence of 100 mM KNO 2 ( Fig. 1, trace c) shows that the NO 2 Ϫ ions have a negligible effect on the absorption spectrum of MetHb as compared with the effect of OONO Ϫ (Fig. 1, trace d) . (32), and therefore its dissociation can be neglected under the conditions of the experiments depicted in Fig. 2 . Interestingly, the effect of 25 mM bicarbonate (Fig. 2, When peroxynitrite (2 ml of a 75 mM OONO Ϫ solution) is allowed to decompose stepwise at pH 7 in the basic aqueous buffer͞CCl 4 system (solution A), the HPLC elution profile shown in Fig. 3A is obtained. This profile shows a prominent peak due to unreacted DPA and a smaller peak due to the DPAO 2 endoperoxide product; the area under this trace is Ϸ30% relative to the area of the perylene standard. In contrast, the DPAO 2 fraction is missing entirely when the decomposition of OONO Ϫ takes place in the presence of 78 mM tetramethylethylene, an efficient trap of singlet oxygen (Fig. 3B) . Fig. 3C . As expected, a fraction attributed to DPAO 2 is apparent (Ϸ25% of the perylene integrated peak area). Fig. 3D shows an elution profile of a fraction derived from another H 2 O 2 ͞OCl Ϫ reaction identical to the one shown in C, except that the 1 O 2 scavenger TME (78 mM) was also present; as expected, the DPAO 2 fraction is missing in D. The normalized yields of 1 O 2 , as measured by the DPAO 2 ͞perylene ratios, are comparable to one another in these two experiments, suggesting a high efficiency of formation of 1 sured by the DPAO 2 ͞perylene, are compared in the HPLC elution profiles shown in Fig. 4 A and B. In Fig. 4B , depicting a typical result of a OONO Ϫ decomposition reaction in the presence of 25 mM sodium bicarbonate, the integrated area under the DPAO 2 elution trace is 15% of the area under the perylene standard elution trace whereas in the absence of bicarbonate this area is 30% (A). In Fig. 4C ; this result is consistent with the near-stoichiometric yield of nitrosylhemoglobin observed spectrophotometrically (Fig. 2) .
Discussion
It is known that the final oxidation product of peroxynitrous acid, HOONO, is the isomeric nitric acid, HNO 3 (35) . However, the intermediate steps leading to this end-product are not well known (22) . Beckman et al. (18) proposed that HNO 3 is formed from a cascade of steps including the decomposition of HONOO to NO 2 and the ⅐OH radical, followed by a cage-mediated recombination of these two intermediates to form HNO 3 , followed by deprotonation to NO 3 Ϫ . This mechanism is attractive because the ⅐OH radicals thus produced could account for the known oxidative properties of HOONO. However, the experimental evidence supporting an ⅐OH radical mechanism remains controversial (36, 37) . Furthermore, Koppenool et al. (22) considered a variety of reaction mechanisms and primary decomposition products of ONOO Ϫ and concluded that the ⅐OH radical pathway was thermodynamically unfavorable. Instead, they proposed a new, strongly oxidizing intermediate, the vibra- Fig. 3 . Diphenylanthracene (DPA) trapping of 1 O2 as diphenylanthracene endoperoxide (DPAO 2) in a CCl4 layer after the decomposition of ONOO Ϫ in an aqueous layer in a biphasic system (see Methods). These reactions were carried out with and without the 1 O2 trap TME in the CCl4 layer. Perylene was present in the CCl 4 layers at constant concentrations in all of the experiments, and served as an internal standard. (A) Stepwise decomposition of ONOO Ϫ in the aqueous layer in the absence of TME in the CCl 4 layer (solution A; see Methods); the HPLC elution profile exhibits three fractions, each representing unreacted DPA, perylene, and DPAO 2, respectively. B shows the result of an analogous decomposition experiment as in A, but with 78 mM TME in the CCl 4 layer (solution B; see Methods). C is the elution profile of a positive control in which 1 O2 was generated from the highly efficient H2O2͞OCl Ϫ reaction in the aqueous layer (solution A). D shows the result obtained after an experiment analogous to the one in C, except that the CCl 4 solution contained 78 mM TME (solution B). The results shown in C can be used to estimate the amount of 1 O2 generated in the decomposition of ONOO Ϫ , shown in A. Fig. 4 . Effect of NaHCO3 on the generation of 1 O2 trapped by diphenylanthracene (DPA), thus generating diphenylanthracene endoperoxide (DPAO 2) in a CCl 4 layer after the decomposition of ONOO Ϫ in an aqueous layer in a biphasic system (see Methods). (A) Control experiment: HPLC elution profile of products after stepwise decomposition of ONOO Ϫ in the aqueous layer in the absence of TME in the CCl 4 layer (solution A; see Methods) and absence of NaHCO 3 in the aqueous layer. (B) Same as in A, but in the presence of 25 mM NaHCO 3 in the aqueous layer. C is the HPLC elution profile of a positive control experiment in which 1 O2 was generated from the highly efficient H2O2͞OCl Ϫ reaction in the aqueous layer containing 25 mM NaHCO3. (For space consideration and because the 0-to 30-min profiles are without structures, the profiles are displayed only between 30 and 60 min).
tionally excited trans-peroxynitrous acid. However, this interpretation was questioned, particularly the assumptions concerning the entropy of hydration of ONOO Ϫ (38) . It is instructive to review the known structural features of peroxynitrite before considering the possible decomposition mechanisms in more detail. Theoretical calculations suggest that the cis-configuration of ONOO Ϫ is favored over the transconfiguration (39) . It has been shown recently by x-ray crystallography that peroxynitrite indeed crystallizes in the cis form (40) Thompson (42) reported that ozone and trialkyl phosphites form 1:1 adducts, which are stable at low temperatures (Ϫ78°C). Upon warming to Ϫ35°C, phosphates are produced, and molecular oxygen evolution is observed. On the basis of 31 P-NMR measurements, it was concluded that the precursor triphenyl phosphite-ozone adduct has a four-membered cyclic structure (42) . Furthermore, based on the principle of spin-conservation, in 1964, Corey and Taylor suggested that the molecular oxygen evolved in this reaction is singlet molecular oxygen (43) . In 1969, Murray and Kaplan for solution (44) , and Wasserman et al. for the gas phase (45) , confirmed the generation of singlet molecular oxygen in the thermal dissociation of triphenylphosphite-ozone adduct according to the following scheme:
Proposed Ring Structure for Peroxynitrite. Based on the considerations outlined above, it is reasonable to propose that, in alkaline aqueous solution, the peroxynitrite anion exists also as a fourmembered strained ring, the latter being stabilized by interactions with water molecules. § In this hypothesis (Fig. 5) , the sum of the ring strain and the solvation free energy released on charge neutralization by protonation could provide the necessary energy for the generation of both the electronically excited Interaction of Peroxynitrite Anion with Bicarbonate. Based on the kinetics of decay of peroxynitrite in the presence of sodium bicarbonate as a function of pH, Lymar and Hurst showed that dissolved CO 2 enhanced the rate of decay of peroxynitrite (19) . They proposed that an adduct ONOOCO 2 Ϫ is formed as a result and that the decomposition pathways of this adduct are different from those of ONOO Ϫ (48, 49) . The details of the mechanisms of decomposition of the ONOOCO 2 Ϫ complex are not well understood (49) . Our results show that, in the presence of HCO 3 Ϫ , the singlet oxygen trapping yield is decreased (Fig. 4) . However, the results of the NO Ϫ trapping experiments by MetHb suggest that the concentration of NO Ϫ released by the decomposition of ONOO Ϫ in the presence of 25 mM NaHCO 3 is not significantly affected (Fig. 2) . This suggests that, within the decomposing intermediate ONOOCO 2 Ϫ complex (19), the electronically excited 1 O 2 state is quenched and therefore the yield of DPAO 2 is diminished (Fig. 4) . However, the concentration of NO Ϫ arising from the deprotonation of ground state 1 HNO should remain unaffected, as observed experimentally (Fig. 2) . Because bicarbonate is in equilibrium with CO 2 (27, 55) have shown that macrophages and neutrophils indeed generate singlet oxygen in significant amounts, comparable to the amount of oxygen consumed in a respiratory burst.
